In order to investigate the determinants of e¡ective population size in the socially monogamous Crocidura russula, the reproductive output of 44 individuals was estimated through genetic assignment methods. The individual variance in breeding success turned out to be surprisingly high, mostly because the males were markedly less monogamous than expected from previous behavioural data. Males paired simultaneously with up to four females and polygynous males had signi¢cantly more o¡spring than monogamous ones. The variance in female reproductive success also exceeded that of a Poisson distribution (though to a lesser extent), partly because females paired with multiply mated males weaned signi¢cantly more o¡spring. Polyandry also occurred occasionally, but only sequentially (i.e. without multiple paternity of litters). Estimates of the e¡ective to census size ratio were ca. 0.60, which excluded the mating system as a potential explanation for the high genetic variance found in this shrew's populations. Our data suggest that gene £ow from the neighbourhood (up to one-third of the total recruitment) is the most likely cause of the high levels of genetic diversity observed in this shrew's subpopulations.
INTRODUCTION
The amount of genetic diversity in natural populations is a central issue in both fundamental and applied research areas, including evolutionary theory and conservation biology. The ability of natural populations to maintain genetic variation depends not only on the number of individuals constituting a population, but also on the particular life history and breeding system of the species under study. Mating and dispersal patterns in particular play a crucial role. The concept of e¡ective population size was elaborated (Wright 1931) in order to account for the e¡ect of breeding systems and life-history features. An e¡ective size is the size of an ideal population which would lose genetic variance at the same rate as the census population under study.`Ideal' features include panmixis, non-overlapping generations and a Poisson distribution of fecundities.
A genetic survey of populations from the greater whitetoothed shrew (Crocidura russula) showed surprisingly high levels of genetic variation (Balloux et al. 1998) . The e¡ec-tive size of subpopulations, based on allele numbers at mutation^drift equilibrium, was approximately ¢ve times higher than the estimated number of individuals. Three main reasons were invoked to account for this discrepancy. First was the connection between neighbouring subpopulations. Even though F ST -values suggested a low exchange rate (four to ¢ve individuals per generation), this certainly su¤ces to import a signi¢cant amount of genetic variation. The e¡ective sizes measured would thus represent those of neighbourhoods (sets of interconnected subpopulations) rather than isolated subpopulations. Second was the strong structuring of these subpopulations into smaller breeding groups characterized by high male philopatry. Such social structures have the potential to boost e¡ective sizes (Sugg et al. 1996) by retaining genetic variance among groups, even though it may drastically drop within groups. Finally, the monogamous habits of the species (Cantoni & Vogel 1989) , an unusual pattern in mammals (Dobson 1982) , may have played a role. While the typical mammalian polygyny is expected to increase the variance in individual reproductive success above Poisson expectations, monogamy should have a reverse e¡ect by ensuring an equal share of reproduction among males in a population.
However, social monogamy does not imply genetic monogamy. Even if socially paired with one female, males may indulge in short-term excursions to visit and possibly fertilize neighbouring females. Indeed, extra-pair copulations are quite common among socially monogamous birds (Birkhead & MÖller 1992) . Such behaviour may strongly increase the variance in male reproductive success and thereby lower the e¡ective population size. The aim of the present study was to estimate, through genetic assignment methods, the variance in individual reproductive success in a subpopulation of C. russula and thereby calculate the contribution of this shrew's mating system to its e¡ective population sizes.
MATERIAL AND METHODS
Crocidura russula is a small (11^14 g) insectivorous mammal that is widespread in southern and central Europe. The species is synanthropic in the northern part of its range (including the study site) and occurs in discrete subpopulations which inhabit villages and suburban areas, relying on thermally favourable sites (farms, stables and compost piles) to meet the energetic needs of the cold season (Genoud & Hausser 1979) . In order to lower their metabolic demands further, individuals form small communally nesting groups in winter which split into territorial monogamous pairs for the breeding season (Cantoni &Vogel 1989) . Pairs rear up to four litters from March to September.
The o¡spring are weaned at ca. 8 g after 30 days of gestation and 20 days of lactation. Dispersal is mostly achieved by juvenile females from the ¢rst litter , some of which may reproduce the same year ( Jeanmaire-Besanc°on 1988) . The life cycle is mostly annual: fewer than 5% of individuals survive a second winter ( Jeanmaire-Besanc°on 1986).
Our study site was the university campus of LausanneDorigny (6834' E, 46831' N and 400 m above sea level). One hundred and eighty Longworth traps were settled at all potentially favourable breeding sites within an area of ca. 250 m £ 350 m, baited with Tenebrio molitor larvae and opened one day per week for one year (autumn 1997 to autumn 1998). All individuals caught were weighted and marked by toe clipping. Sex and status ( juvenile, adult and breeding adult) were determined ( juveniles are greyish and lighter than adults, breeding males have developed lateral glands, and breeding females have visible teats). Their toes were frozen (¡20 8C) for genetic analyses.
DNA was extracted using either the standard method of Sambrook et al. (1989) or the salting-out procedure of Miller et al. (1988) . All genotypes were determined by seven speci¢cally designed microsatellite loci (numbers 3, 9, 17, 23, 45, 57 and 72 in Favre & Balloux (1997) ) using the same procedure described by these authors. The genetic variance H e was calculated as the average over the m loci of expected heterozygosity:
where n is the number of individuals sampled and H i j is the expected number of heterozygotes for the alleles i and j, calculated from their frequencies p i and p j as (Nei 1987 )
The mutation^drift equilibrium e¡ective size was calculated as (Hartl & Clark 1989 )
where · is the mutation rate. Because the females' weight drops from ca. 20 to 14 g at parturition, weekly trapping allowed quite precise estimation of the dates of birth of juveniles in most cases. Weanlings leave the nest for short-term and limited exploratory excursions from day 13 to day 20 after birth (when weaning is normally achieved) (Genoud & Vogel 1991) and so were often captured during this period within the parental territory. Paternity and maternity were assessed independently from individual genotypes with the software Probmax (Danzmann 1997) , allowing for one mismatch (because of possible mutations or reading errors). All adults captured within the area were included as potential parents in the parenthood exclusion analyses. In cases where more than one male or one female genotype could not be excluded as parents, information on spatial localization or adult breeding status was also taken into account. The probability of excluding unrelated individuals from the pool of potential parents was calculated following Jamieson (1994) as the complement to unity of the product over loci of
The e¡ect of variance in breeding success on the`reproductive variance' e¡ective size (N re ) was estimated using Hill's (1972) equation which takes into account detailed information about sex-speci¢c fecundities:
where i, j can be male (m) or female (f ), T is the generation time and x i the number of individuals of sex i. V ij is the variance in breeding success of individuals of sex i when producing o¡spring of sex j and Cov i (ij ) is the covariance between the number of sons and daughters produced by individuals of sex i. We also measured N re using Nunney's (1993, eq. (A2)) approach, which approximates Hill's (1972) equation by aggregating the sex by sex variances and covariances into more synthetic parameters:
where rˆx m /(x m + x f ) is the sex ratio, A i is the mean longevity of individuals of sex i and b i is their fecundity. I Ai and I bi represent the standardized variances in these parameters, i.e. the variance divided by the squared mean. As less than 5% of C. russula survive a second year ( Jeanmaire-Besanc°on 1986), we further simpli¢ed the above equations by setting TˆA iˆ1 and I Aiˆ0 , which is equivalent to assuming that all the variance in reproductive success takes place within the single year of life.
RESULTS
Out of the 66 females and 54 males present in the study area in autumn 1997, only 27 females and 22 males were still present at the onset of reproduction (March), which amounts to a 45% winter survival with no sex di¡erence (w 2 -test, pˆ0.99). A few more individuals (ten females and seven males) disappeared between March and May without having contributed any o¡spring, so that only 32 of these over-wintering individuals (17 females and 15 males) eventually reproduced in the area. To these numbers, we added 12 juveniles (eight females and four males) born in the ¢rst litters of the 1998 cohort, which settled within the area in March to April and reproduced. The total number of reproducing individuals in 1998 thus amounted to 44 individuals (25 females and 19 males) (table 1). The breeding period lasted until the end of September when the last juveniles were caught. The trappability was very high, since adults were captured on average 18 times during the study period (range 4^46) with the exception of the father of one juvenile born from a known female which was never caught. Overall, 146 juveniles were individually marked and genotyped, of which there were 76 females, 69 males and one individual whose sex could not be determined.
(a) Genetic variance and assignment
The genetic variation was quite high, with an average allele number of 10.4 and an e¡ective allele number (1/ §p 2 i ) of 4.7 per locus. The expected heterozygosity amounted to H eˆ0 .698 and the observed heterozygosity to H oˆ0 .656. The heterozygote de¢cit (F ISˆ0 :066), slight but signi¢cant (permutation test, p50:001), (Goudet 1995) stemmed from the fact that our sampling area included several breeding groups. This H e value would correspond to a genetic e¡ective size of N geˆ5 77 individuals (equation (3)), assuming a conservative mutation rate of ·ˆ10 ¡3 ( Jarne & Lagoda 1996; Balloux et al. 1998) . This number obviously greatly exceeds the census size of reproducing adults (nˆ44).
Such a large genetic variance allowed an exclusion probability of 0.997 to be achieved. Ninety-seven out of the 146 juveniles (43 females, 53 males and one indeterminate) could be attributed to a locally breeding pair. In 76 cases, assignment was unambiguous based on genetic data only. In the other 21 cases, information on spatial and breeding status became necessary, because more than two individuals remained as potential parents after the exclusion process. These 97 juveniles clustered into 42 litters of 2.31 §1.30 (s.d.) o¡spring, a relatively low value for this species ( Jeanmaire-Besanc°on 1988).
The remaining 49 juveniles (approximately one-third) could not be attributed to any pair breeding locally and were considered as dispersers. These 33 females and 16 males exhibited a biased sex ratio, which con¢rms the association between sex and the dispersal probability (w 2 -test against the expectation that among the 146 juveniles males and females had the same probability of being immigrants, p50.02). The genetic contribution of these immigrants was approximately proportional to their numerical importance (table 1) : from the 12 breeders of the 1998 cohort, the seven locally born individuals (¢ve females and two males) contributed genetic material to 14 o¡spring (in reality 16 haploid gametes), while the ¢ve immigrants (three females and two males) contributed to eight o¡spring (in reality nine haploid gametes). That is, local recruitment was approximately two-thirds of the total (though this ¢gure does not account for the possible di¡erences in winter survival and ensuing reproduction).
(b) Mating system and reproductive success
The dominant pattern for females was to be singly mated during the whole breeding season (table 1). Only two females (out of 25, both from the 1997 cohort) paired with more than one male (two and three, respectively). This might be quali¢ed as sequential polyandry, since no case of multiple paternity could be found within any litter. In two out of these three divorces, the male was still present and reproductive in the area after the pair had separated, but in all three cases separation followed a small-sized litter or even a complete failure (either one or no o¡spring successfully weaned).
This female pattern contrasts vividly with the one found in males, seven of which (out of 19, all from the 1997 cohort) mated with two to four females, most often simultaneously (table 1). Due to this biased operational sex ratio, breeding males produced more o¡spring (5.2 § 5.3 and range 1^18) than breeding females (3.9 § 3.2 and range 1^12), though the di¡erence remains 
02).
The male variance in reproductive success stemmed mostly from the di¡erences in mating success: the seven polygynous males produced an average of 9.7 §5.6 juveniles, while the 12 monogamous males produced only 2.4 § 2.6 juveniles (t-test after square-root transformation, p50.001). Interestingly, part of the variance in the female reproductive success was also due to the mating status of their partner. Females paired to a multiply mated male had signi¢cantly higher reproductive success than females mated to a monogamous male (4.8 § 3.1 versus 2.5 § 2.8) (t-test after square-root transformation, pˆ0.035).
(c) E¡ective sizes
The parameters in Hill's (1972) equation must be estimated in a way which is self-consistent with respect to life-history stages. In particular, the variance in reproductive success must represent the variance either among adults in producing adults for the next generation or among juveniles in producing juveniles for the next generation. We chose the second option, assuming for population stability that, among the 43 females and 53 males born within the area, only 25 females and 19 males would reach a reproductive status. Thus, we added 18 females and 34 males (with zero reproduction) to the 25 female and 19 male reproducers listed in table 1 and estimated variances over this whole set of 43 females and 53 males. Given this (x fˆ4 3 and x mˆ5 3), the variance in the expected reproductive output of juvenile males could be characterized by V mmˆ5 .31, V mfˆ3 .12 and Cov m (mf ) 3.43, while that of juvenile females was V fmˆ3 .33, V ¡ˆ2 .52 and Cov f(mf )ˆ1 .65. This provides a reproductive variance e¡ective size of N reˆ2 6.4 or 60% of the actual number of breeders (nˆ44).
Taking a similar approach for Nunney's (1993) equation, the following parameter values were obtained: rˆ0.55, I b mˆ4 .69, I b fˆ1 .86 and b fˆ2 .26, thus providing a very close estimate of N reˆ2 6.1. It is worth noting that application of this equation to the breeding-adult stage (rather than to the juvenile one) a¡ects the estimate only marginally, since the parameter values in this case (rˆ0.43, I b mˆ1 .07, I b fˆ0 .67 and b fˆ3 .88) point to a very close value of N reˆ2 5.9. This convergence with Hill's (1972) estimate, together with the robustness of the results with respect to life stage, yields support for Nunney's (1993; Nunney & Elam 1994) attempts to characterize e¡ective sizes under simpli¢ed demographic assumptions.
The ratio of N re to breeder census size (0.60) theoretically corresponds to harems of 2.5 females (Nunney 1993) . This discrepancy with the direct observations (the mating success of male shrews was only 1.5 on average) stems from the fact that the female reproductive variance also exceeded that of a Poisson distribution.
DISCUSSION
The amount of genetic variation found in this study matches that reported by Balloux et al. (1998) quite closely. The corresponding genetic e¡ective size (N geˆ5 77) would lie within the range they obtained (430^830) based on allele numbers (after Chakraborty & Neel 1989) . This estimate obviously greatly exceeds the census size of 44 breeders. In contrast, the reproductive variance e¡ective size (N re ) is smaller than the number of breeding individuals, due to the fact that the variance in reproductive success in both sexes exceeded the level expected from a Poisson distribution. Both Hill's (1972) and Nunney's (1993) equations point to remarkably close estimates of 0.60 for the ratio of e¡ective to census size. This estimate is actually conservative (i.e. the actual ratio value might still be lower), since some of the breeding individuals were in fact the o¡spring of the over-wintering adults.
The main reason for this low N re was the variance in the mating success of males, who turned out to be less monogamous than expected from the behavioural patterns documented by Cantoni & Vogel (1989) . These authors also mentioned occasional polygamy (though less common than our ¢ndings show), which they attributed to locally biased sex ratios. Greater white-toothed shrews form small winter groups which occupy suitable over-wintering sites. Stochastic mortality creates local biases in the spring sex ratios (even though it may remain constant at the global population scale), thereby inducing monogamy when the number of males locally exceeds that of females at the onset of reproduction and polygamy when the reverse occurs. Small-scale population structure should thus have a strong impact on the genetic variation and e¡ective population size according to this scenario, which seemingly accounted for two out of the seven occurrences of polygamy documented here (including the case of the most successful male which paired with four females).
However, in the ¢ve other cases the males mated multiply while bachelors were present in the immediate vicinity, which suggests a role for female choice based on male and/or territory quality. It is worth noting that all multiply mated males were over-wintering adults from the 1997 cohort (so that polygamy presumably correlates with both male age and territory quality), though this association between age and reproductive status remains insigni¢cant due to the low number of reproducing males from the 1998 cohort.
That polygamy may result from female choice receives some support from the higher reproductive success of females paired to multiply mated males, an otherwise surprising result. Males in captivity have been shown to play a signi¢cant role in the building of familial nests (P. Vogel, personal communication) and to assist the female in parental care, including ano-genital licking of the o¡spring (M. Genoud, personal communication) . His presence during the lactation period also provides signi¢-cant energetic gains through improved thermoregulation (C. Cretigny and M. Genoud, unpublished results). Monogamous males occupy the same nest as their female and o¡spring in the ¢eld (Cantoni & Vogel 1989) , but how polygynous males allocate their activity and timebudget between several nests remains unknown. As the above bene¢ts from the presence of a male are expected to be diluted in cases of polygamy, they are unlikely to improve the ¢tness of a female choosing a polygamous partner. A male's ability to acquire and defend a large and/or high-quality territory (or territory inheritance) might be a central issue.
However, it is worth noting that a positive correlation between female ¢tness and male polygamy might also arise when the latter results from a locally biased sex ratio (rather than from active female choice), if infanticide from neighbouring males is an important source of juvenile mortality. Though observed in captivity, infanticide has not yet been documented in the ¢eld (Cantoni & Vogel 1989) . In any case, the exact role of fathers in o¡spring care and territorial defence remains to be quanti¢ed in the ¢eld, in order to elucidate the evolutionary causes of monogamy, the dominant mating system in C. russula.
The complete absence of extra-pair copulations and multiple paternity within litters is interesting and contrasts sharply with what happens in the highly promiscuous common shrew Sorex araneus (Stockley et al. 1993) , as well as in many socially monogamous bird species (Birkhead & MÖller 1992) . However, our results must be weighted by the fact that the litters were relatively small (thus decreasing the power to detect multiple paternities) and should therefore be considered as provisional.
The high number of dispersers among social groups of shrews is a surprising result. Although the ¢gure is still incomplete due to lack of information on the di¡erential winter survival, it appears that approximately one-third of recruitment stems from immigration. This contribution is obviously enough to bring in a substantial amount of genetic variability and contribute signi¢cantly to the high genetic diversity found in shrew populations. In contrast (and this constitutes the main result of the present study), the mating system of C. russula is unable to contribute signi¢cantly to the maintenance of this diversity. Indeed, the high variance in the male (and to a lesser extent female) reproductive success was found to decrease the ability of populations to maintain heterozygosity by a factor of 0.60. Our results thus suggest that the large genetic diversity in the population under study is mostly promoted by gene £ow from neighbouring sites and that actual neighbourhood sizes may in fact exceed genetic e¡ective sizes (i.e. be closer to 1000 than to 600) due to the excess in genetic drift induced by this shrew's mating system.
